All of the experimentally characterized members of cog0402 catalyze deamination reactions and share conserved active site residues and metal cofactor coordination schemes within a (β/R) 8 -barrel structural fold. 10 For CDA, the amino acid residues that participate in binding the lone divalent cation are two histidine residues that follow the C-terminal end of β-strand 1 (His-61 and His-63), another histidine from the C-terminal end of β-strand 5 (His-214), and an aspartate from the C-terminal end of β-strand 8 (Asp-313). Two additional residues, His-246 from the end of β-strand 6 and Glu-217 in the loop that follows β-strand 5, participate in the activation of the hydrolytic water molecule and proton transfer reactions required for catalysis. 1 Porter established the metal activation requirements for cytosine deaminase from Escherichia coli and demonstrated that CDA purified from cells grown in a standard medium contains a mixture of Fe and Zn and that a single equivalent of metal is required for full catalytic activity. 11 The divalent metal can be removed with o-phenanthroline and the apoenzyme reconstituted with Fe 2þ , Mn 2þ , Co 2þ , or Zn 2þ . However, oxidation of iron to the ferric state resulted in the inactivation of the enzyme. 11 Fe-CDA has a reported k cat of ∼185 s À1 and Michaelis constants for cytosine ranging from 0.20 to 0.32 mM. 1, 11 In addition to the deamination of cytosine, CDA has been shown to utilize 5-fluorocytosine, 2-thiocytosine, 6-azacytosine 5-azacytosine, and creatinine as alternate substrates. 12 Multiple high-resolution structures have been determined for CDA from E. coli by Stoddard and colleagues. 1, 13, 14 The first structure of bacterial CDA was determined with a single iron in the active site (PDB entry: 1K6W) while the second structure contained iron and 4-(S)-hydroxy-3,4-dihydropyrimidine a (2) (PDB entry: 1K70). 1 Compound 2, a tight-binding inhibitor of CDA, is formed catalytically through the addition of water to pyrimidin-2-one (3). Other crystal structures of various mutants
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Biochemistry ARTICLE of CDA with enhanced catalytic properties for the deamination of 5-fluorocytosine have been determined. 13, 14 CDA is a promising target for drug development since it can convert 5-fluorocytosine to 5-fluorouracil, which inhibits replication through the inactivation of thymidylate synthetase. 15 In spite of the large amount of kinetic and structural information available for CDA, there are a number of unresolved issues regarding the catalytic mechanism for the deamination of cytosine. The mechanism for the protonation of the leaving group ammonia and N-3 of the uracil product has not been adequately elucidated, and the rate-limiting step for substrate turnover has not been identified. We report the crystal structure of E. coli CDA bound with zinc and phosphonocytosine, a potent mimic of the tetrahedral intermediate formed during the deamination of cytosine. This structure has been complemented with an interrogation of the CDA-catalyzed deamination of cytosine using a combination of metal ion substitutions, site-directed mutations, substrate analogues, pH activity profiles, solvent isotope effects, and solvent viscosity effects.
' MATERIALS AND METHODS
Materials. All reagents were obtained from Sigma-Aldrich unless otherwise noted. 3-Oxauracil (4) was purchased from Research Organics Inc. The E. coli CDA knockout strain was obtained from the Keio Collection of the National BioResource Project (NIG, Japan). 16 Kinetic assays were performed in a 96-well plate with a SPECTRAmax 384 Plus spectrophotometer from Molecular Devices. Protein concentrations were determined using the calculated extinction coefficient of 55 190 M À1 cm À1 at 280 nm (Protein Calculator v3.3 at http://www.scripps.edu/ ∼cdputnam/protcalc.html).
Synthesis of Inhibitors. 3-Methylcytosine was prepared according to the method of Brookes and Lawley. 17 4-Thiouracil was synthesized based on the procedure of Kaneko et al. 18 4-Chlorouracil was constructed according to Kazimierczuk et al.
19 Phosphonocytosine (5) was prepared according to the method of Bartlett et al., 20 and phosphonoracil (6) was prepared by modification of the synthesis of 5. The structures of these and other compounds are presented in Scheme 2. The NMR and MS characterization of compound 6 is as follows: Preparation of Cytosine Deaminase. The gene from E. coli K12 encoding CDA was cloned into a pET-20a(þ) expression vector. Mutants of CDA were prepared in accordance with the QuikChange mutagenesis kit instructions. The plasmid was transformed via electroporation into E. coli K-12 CDA knockout cells which were made electrocompetent and lysogenized with the λDE3 STAR lysogenization kit from Novagen. The cells were grown overnight on LB/agarose plates enriched with 100 μg/mL ampicillin. A single colony was selected for inoculation in 1 L of LB enriched with 100 μg/mL ampicillin and 1.0 mM ZnCl 2 . After incubation for 18 h with shaking at 20°C, the cells were harvested by centrifugation. The cells were resuspended and disrupted by sonication in 50 mM HEPES buffer, pH 7.5, containing 1.0 mM ZnCl 2 and 100 μg/mL of the protease inhibitor phenylmethanesulfonyl fluoride. The solution was centrifuged to remove insoluble cell debris. A solution of protamine sulfate was added dropwise to a final concentration of 2% w/v for the precipitation of nucleic acids. The solution was centrifuged, and then solid ammonium sulfate was added to a final concentration of 50% of saturation. The precipitated protein was removed by centrifugation, and the pellet was resuspended with a minimal amount of 50 mM HEPES, pH 8.0. The solution was passed through a 0.45 μm syringe filter and further purified by gel filtration with a HiLoad 26/60 Superdex 200 preparatory grade column. The CDA containing fractions were pooled and further purified using a ResourceQ anion exchange column.
Protein Structure Determination. Crystals of E. coli cytosine deaminase complexed with Zn 2þ and phosphonocytosine (5) were grown by hanging drop vapor diffusion by mixing equal volumes of protein and precipitant and equilibrating over 1.0 mL of precipitant at room temperature. The protein solution contained wild-type CDA that was isolated from cells grown in the presence of 1.0 mM ZnCl 2 (18 mg/mL) in 50 mM Tris buffer, pH 7.5, 1.0 mM ZnCl 2 , and 10 mM phosphonocytosine (5) . The precipitant contained 35% pentaerythritol propoxylate, 0.05 M HEPES, pH 7.5, 0.2 M potassium chloride, and 1.0 mM ZnCl 2. The crystals appeared in 8À9 days and exhibited diffraction consistent with the space group R32, with one molecule of protein per asymmetric unit. Prior to data collection, the crystals were transferred to cryoprotectant solutions composed of their mother liquor supplemented with 20% glycerol. After incubation for ∼10 s, the crystals were flash-cooled in a nitrogen stream. Diffraction data were collected at the NSLS X4A beamline (Brookhaven National Laboratory) on an ADSC CCD detector. Diffraction intensities were integrated and scaled with the programs DENZO and SCALEPACK. 21 The data collection statistics are given in Table 1 .
The structure of the CDA complex was determined by molecular replacement with BALBES, 22 using the E. coli CDA structure (PDB ID: 1K6W) as the search model. Subsequent iterative cycles of refinement were performed for the CDA complex including manual model rebuilding with COOT, 23 refinement with PHENIX, 24 and automatic model rebuilding with ARP. 25 The model of the CDA 3 Zn 2þ 3 phosphonocytosine complex was refined at 1.7 Å with an R cryst of 0.173 and an R free of 0.192 (complete refinement statistics are provided in Table 1 ).
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The final structure contains protein residues 4À425, one well-defined Zn 2þ , and one well-defined inhibitor molecule bound in the active site of CDA.
Measurement of Enzymatic Activity. Cytosine deaminase activity was determined at 30°C using either a coupled or direct assay. For activity screening of substrate analogues with wild type and mutant enzymes, the coupled assay was used to detect the release of ammonia through the oxidation of NADH. This assay typically contained 7.4 mM R-ketoglutarate, 0.4 mM NADH, and 6.0 units of glutamate dehydrogenase in 100 mM HEPES, pH 8.5. 4 For activity assays at pH 7.5, a direct assay at 286 nm (Δε 286 = À680 M À1 cm À1 ) was used as previously reported. 26 For the development and implementation of a direct assay for use over a wide range of pH values, extinction coefficients for the deamination of cytosine to uracil were determined over the pH range 2.5À11.3. The compounds tested for catalytic turnover included the following: cytosine, isocytosine, creatinine, 3-oxauracil, 2,6-diaminoprimidin-4-ol, 5-methylcytosine, 4,6-diaminopyrimidine, 4-amino-2,6-dihydroxypyrimidine, 3-methylcytosine, 2-amino-4,6-dihydroxypyrimidine, 2,4,6-triaminopyrimidine, 6-aminouracil, 2, 4-diaminopyrimidine, 4-aminopyrimidine, 2-aminopyrimidine, 4,6-diamino-2-hydroxypyridine, 2,6-diaminopyridine, 4-aminopyridine, 2-aminopyridine, 4-aminoimidazole, ammeline, 2-chloro-4,6-diaminoatrazine, melamine, 4-thiouracil, 4-chlorocystosine, cytidine, CMP, CDP, and CTP. Metal Analysis. Metal determination was performed with an Elan DRC II ICP-MS (inductively coupled plasma mass spectrometry) from Perkin-Elmer. The analogue detection mode was used with three averaged replicates per reading. External calibration standards were prepared through the serial dilution of a single 10 ppm stock mixture of Zn, Cd, Co, Cu, Mn, Ni, and Fe in 2% nitric acid, purchased from Inorganic Ventures Inc. Freshly prepared standards typically contained 2, 20, and 200 ppb of these metal ions in 1% Trace Select nitric acid from Fluka. The detection of Fe was determined using the dynamic reaction cell (DRC) mode, where NH 3 gas was used to reduce interference from argon oxide species. Protein samples were prepared for analysis by heating in concentrated nitric acid for 30 min, followed by dilution with water to 1% nitric acid.
Metal Chelation and Reconstitution. Apo-cytosine deaminase was prepared by dialysis of CDA with 10 mM o-phenanthroline in 50 mM MES, pH 5.75. The o-phenanthroline was removed from the protein by passage through a PD-10 column. Prior to use, the PD-10 column was washed with one column volume of 10 mM dipicolinate and then equilibrated with Chelex-treated HEPES buffer, pH 8.0. The apo-protein was reconstituted overnight at a protein concentration of 1.0 mg/mL at 4°C with varying amounts of ZnCl 2 and FeSO 4 . The reconstitution with Fe 2þ was performed anaerobically under argon.
pH Dependence of Enzyme Activity. The pH dependence of k cat and k cat /K m was determined at pH values ranging from 5.3 to 9.9 using 75 mM MES (pH 5.3À6.5), PIPES (pH 6.7À6.9), HEPES (7.1À8.1), TAPS (8.3À8.9), and CHES (pH 9.1À9.9) to control the pH. The pH values of the final solutions were measured after the completion of the assays. Direct kinetic assays were utilized in which the change in the extinction coefficient between cytosine and uracil was determined at each pH value.
Solvent Kinetic Isotope Effects and Solvent Viscosity
Effects. Steady-state rates were determined using the coupled assay for the detection of ammonia in D 2 O or H 2 O using 100 mM HEPES, pH 8.5, or 100 mM CHES, pH 9.0, at 30°C. The effects of viscosity on k cat and k cat /K m were determined as previously described in CHES pH 9.0 at 30°C. 15 Transition-State Inhibitors. Inhibition of CDA was measured using the phosphorus-based analogues of cytosine (5) and uracil (6) . The inhibition constants were determined by incubating variable amounts of inhibitor with 2.5 nM enzyme for 30À120 min in 100 mM HEPES buffer, pH 7.5, in a volume of 245 μL. Residual activities were measured by initiating the reaction with 5 μL of 10 mM cytosine.
Data Analysis. All data were analyzed through fits to the corresponding equations using SigmaPlot 10. For determination of the kinetic parameters k cat , K m , and k cat /K m , the data were fit using eq 1 where A is the substrate concentration, v is the initial velocity, k cat is the turnover number, and K m is the Michaelis constant. For analysis of pH rate profiles, plots of log k cat and log k cat /K m vs pH that indicated the deprotonation of a single group required for maximum activity were fit with eq 2, where c is the maximum activity and K a is the ionization constant for a group that must be unprotonated for activity. The pH rate profiles showing a loss of activity at low pH and a wave-shaped loss of activity at high pH that transitions to a lower level of activity were fit to eq 3. In eq 3, K b is the ionization constant for the transition to the lower level of activity and d is the new plateau at high pH. pH rate profiles which showed only a wave-shaped plateau at high pH were fit using eq 4.
For evaluation of inhibition constants, K i , eq 5 was used for plots of residual activity as a function of the inhibitor concentration. In this equation E t is the total enzyme concentration, I is the inhibitor concentration, v 0 is the activity of the enzyme in the absence of inhibitor, and v i is the residual activity of the enzyme in Biochemistry ARTICLE the presence of inhibitor.
' RESULTS (Figure 1 ). The reconstitution with Fe 2þ was performed in a septum sealed vial under argon with 50 μM apo-CDA and 3 equiv of FeSO 4 in 20 mM HEPES at pH 7.5. The kinetic constants for the iron and zinc bound CDA are presented in Table 2 .
Active-Site Mutants. Mutants of CDA were constructed in an attempt to determine the roles of specific residues in substrate recognition and catalytic function. The residues targeted for mutagenesis included Glu-217, Gln-156, His-246, and Asp-313. The kinetic constants for the mutants expressed in a medium containing 1.0 mM ZnCl 2 are presented in Table 2 . Most of the mutant enzymes possessed less than 0.01% of the activity of the wild-type enzyme and contained a mixture of zinc and iron bound in the active site. The H246Q and D313N mutants had low but detectable turnover numbers.
Substrate Specificity. A library of cytosine analogues was tested for activity with CDA at concentrations of 1.0 mM using 1.0 μM Zn-CDA in 75 mM HEPES, pH 8.5. The only compounds determined to be substrates for CDA in addition to cytosine were creatinine, isocytosine, and 3-oxauracil. The E217A mutant was able to catalyze the release of ammonia from 3-oxauracil with a turnover number of 0.18 s À1 , but this mutant was unable to catalyze the deamination of cytosine. With wildtype CDA, 1 equiv of ammonia was formed from the hydrolysis of 3-oxauracil. Malonate semialdehyde was the other product, as determined by negative mode ESI-MS from a prominent ion at m/z of 87. The proposed reaction for the hydrolysis of 3-oxauracil to malonate semialdehyde is shown in Scheme 3. In this mechanism we assume that the decarboxylation step and the subsequent loss of ammonia occur nonenzymatically. CDA was unable to catalyze the dethiolation of 4-thiouracil (<6 Â 10 À5 s À1 ) or the dechlorination of 4-chlorouracil (<2 Â 10 À4 s À1 ). A summary of the kinetic constants for the active compounds is provided in Table 3 . Figure 1 . Reconstitution of apo-CDA (8.5 μM) with varying equivalents of ZnCl 2 . The catalytic activity was determined after dilution of the enzyme to 50 nM using 2.0 mM cytosine in 50 mM TRIS, pH 7.5, and 30°C. a The kinetic parameters were determined at pH 8.5, 30°C from fits of the data to eq 1. b Apo-enzyme containing less than 0.05 equiv of metal was reconstituted with 3 equiv of ferrous sulfate.
pH Rate Profiles. The effects of pH on the catalytic activity of CDA were determined for the iron and zinc enzymes using the coupled and direct enzymatic assays. The absorbance maximum for the substrate changes from 275 nm at low pH to 267 nm at high pH due to the protonation of cytosine with a pK a of 4.5. The absorbance maximum of the product changes from 258 nm at low pH to 284 nm at high pH due to the ionization of uracil with a pK a of pH 9.5. 27 The differences in the extinction coefficients between cytosine and uracil (Δε) were determined at pH values between 5.0 and 11. The catalytic activity at pH values between 5.0 and 8.5 was followed at 286 nm. For pH values between 8.3 and 11, the reactions were monitored at 298 nm.
The pH rate profiles for k cat and k cat /K m for the deamination of cytosine by Zn-CDA are presented in Figure 2 . For k cat there is a loss of activity at low pH with an apparent kinetic pK a of 7.3 ( 0.1 and no loss of activity up to pH 10. The pH rate profile for k cat /K m is more complex. There is a loss of activity at low pH and a wavelike transition to a lower plateau at high pH. A fit of the data to eq 4 gave a pK a for the loss of activity at low pH of 5.5 ( 0.2 and a pK b of 7.9 ( 0.4 at high pH. The pH rate profiles for Fe-CDA are presented in Figure 3 . For k cat there is loss of activity at low pH with a pK a of 6.0 ( 0.1. For k cat /K m there is no loss of activity between pH 5 and 7.5, but there is a wavelike transition to a lower plateau between pH 7.5 and 10. The apparent pK b for the change in activity at high pH is 8.2 ( 0.2. The profiles for the H246Q mutant exhibit a low level of activity that is independent of pH between pH 5 and 10 for either k cat or log k cat /K m , as shown in Figure 4 . The results are summarized in Table 4 . Effects of Solvent Viscosity. The effects of changing the solvent viscosity on the relative values of k cat and k cat /K m for the deamination of cytosine by Zn-CDA were measured with sucrose as the microviscogen at pH 9.0. Shown in Figure 5 are the The kinetic parameters were determined at pH 8.5, 30°C from fits of the data to eq 1. Transition-State Inhibitors. Two phosphorus-based analogues of the putative tetrahedral intermediate were synthesized as potential inhibitors of CDA. The effectiveness of these compounds was evaluated with Zn-CDA at pH 7.5. The inhibition constants were determined from fits of the data to eq 5, and the plots are presented in Figure 6 . 28, 29 The racemic phosphonocytosine analogue (5) exhibits a K i of 52 ( 5 nM while the phosphonoracil analogue (6) has a K i of 84 ( 7 μM.
Structure Determination of Zn-CDA. The structure of Zn-CDA was determined to a resolution of 1.7 Å with a potent mimic of the putative tetrahedral intermediate bound in the active site. The overall protein structure is very similar to that previously determined by the Stodddard group for Fe-CDA bound with inhibitor 2.
1 The rmsd between the two structures is 0.5 Å. Shown in Figure 7A is the structure of Fe-CDA determined in the absence of a bound ligand (PBD code: 1K6W). The inhibitor shown in Figure 7B is a mimic of the tetrahedral intermediate formed upon the attack of hydroxide at C4 of the substrate cytosine (PDB code: 3O7U). The inhibitor was synthesized as a racemic mixture at the tetrahedral phosphorus center. In this structure it is assumed that the atom proximal to the metal ion is the phosphoryl oxygen and the distal atom is the amino group. This orientation is consistent with attack of hydroxide on the reface of cytosine. 1 Recognition of this analogue of the tetrahedral intermediate is governed by hydrogen bonds from Gln-156 with N1 and the C2 carbonyl oxygen. Glu-217 interacts with N3 and possibly with the exocyclic amino group of the inhibitor. Asp-313 interacts with the exocyclic amino group of the inhibitor and the phosphoryl oxygen. His-246 is 2.8 Å away from the phosphoryl oxygen of the inhibitor. An image of the observed residueÀ inhibitor interactions and the corresponding distances are presented in Figure 7B . The electron density for the inhibitor is presented in Figure 8 .
' DISCUSSION Mechanism of Action. The working model for the reaction mechanism for the deamination of cytosine is presented in Scheme 4. From the structure of CDA in the presence of the tight binding phosphonate inhibitor and the mutagenesis experiments, it is clear that this enzyme requires a single divalent cation in the active site for the coordination of the water molecule that will eventually attack cytosine. There are also three active site residues that are required for the activation of this nucleophilic water and for subsequent proton transfer reactions. These residues include Glu-217, His-246, and Asp-313. Mutation of any of these residues dramatically diminishes the catalytic efficiency of CDA. This same triad of active site residues is located within the active sites of adenosine deaminase, 6, 30 guanine deaminase 2,5 SAH deaminase, 7 8-oxoguanine deaminase, 9 and isoxanthopterin deaminase. 10 In the mechanism proposed here, the metal bound water molecule is hydrogen bonded to Asp-313 and His-246. This is supported by the X-ray structure of CDA (PDB code: 1K6W) in the absence of an added substrate analogue. 1 From the X-ray structures of CDA in the presence of inhibitor 2 (PDB code: 1K70) and inhibitor 5 (PDB code: 3O7U), it is clear that Glu-217 is positioned to deliver a proton to N3 of the product uracil. However, this residue appears to be too far from the metal bound water molecule for the direct abstraction of a proton from this molecule. The role of Glu-217 proposed here is also supported by the ability of the E217A mutant to catalyze the hydrolysis of compound 4 where protonation of the oxygen located in the comparable position of N3 is not necessary (Scheme 3). In the mechanism proposed here, His-246 functions to shuttle the proton from the metal bound water molecule to Glu-217. It is uncertain whether this proton transfer occurs prior to, or after, the binding of cytosine in the active site. Once the substrate is bound in the active site, the metal bound hydroxide attacks the re-face of cytosine. The stereochemistry of this reaction is supported by the structure of inhibitor 2 bound in the active site of Fe-CDA 1 and of inhibitor 5 bound in the active site of Zn-CDA.
The tetrahedral intermediate collapses after abstraction of a proton by Asp-313 and delivery of this proton to the nitrogen of the leaving group amine to generate uracil and ammonia. From the structure of inhibitor 5 bound in the active site of Zn-CDA, Asp-313 is the most likely residue positioned to facilitate the transfer of the proton from the attacking hydroxide to the leaving group amine. However, it cannot be certain whether this transformation is also assisted in some undefined manner by His-246. In many examples 
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Biochemistry ARTICLE from the amidohydrolase superfamily the equivalent aspartate residues have been demonstrated to facilitate the protonation of the leaving group. 2 The mutation of His-246, Asp313, or Glu-217 results in the dramatic loss in catalytic activity, and thus each of these residues is significant for the proper functioning of this enzyme.
In the pH rate profiles with either the zinc or iron activated CDA there is a loss of catalytic activity as the pH is lowered toward 5. For k cat the kinetic pK a is lower for Fe-CDA than it is for Zn-CDA, and for k cat /K m there is no loss of activity for Fe-CDA down to pH 5. It cannot be determined from the available data as to which of the three active site residues become protonated in this titration or whether this behavior reflects the protonation of the metal bound hydroxide. For k cat there is no loss of activity at high pH and for k cat /K m there is a small reduction in this kinetic constant to a slightly lower value with a new plateau.
The identity of the rate limiting step(s) was probed using solvent deuterium isotope effects and changes in solvent viscosity. No perturbations in the kinetic constants were observed when sucrose was used to change the solvent viscosity. This result indicates that a step in the reaction mechanism prior to product release limits the value of k cat and that a step after the binding of substrate limits the value of k cat /K m .
31,32 These step(s) could either be the actual bond making and breaking steps or conformational changes that precede or follow these steps. Solvent deuterium isotope effects were used to probe the steps that involve proton transfer steps. These steps would include formation of the tetrahedral intermediate and collapse of this intermediate during the generation of the products, uracil and ammonia. For k cat and k cat /K m there is an inverse isotope effect of ∼0.5 when D 2 O is used as the solvent. This inverse isotope effect is likely due to the formation of a low-barrier hydrogen bond between Glu-217 and N3 of cytosine and is indicative of a compressed hydrogen bond which forms due to the similarity in the pK a values of Glu-217 and N3, which are estimated to be about 4.5. Upon nucleophilic attack by hydroxide and formation of the tetrahedral intermediate, the pK a for N3 shifts to a much larger value as the proton is transferred from Glu-217 to N3 of uracil, which has a pK a of 9.5. Inverse isotope effects of comparable magnitude were previously reported for AMP deaminase 33 and adenosine deaminase. 34, 35 Accession Codes The X-ray coordinates and structure factors for cytosine deaminase have been deposited in the Protein Data Bank (PDB accession code: 3O7U). ' ABBREVIATIONS CDA, cytosine deaminase; AHS, amidohydrolase superfamily; COG, clusters of orthologous groups; ICP-MS, inductively coupled plasma mass spectrometry.
' ADDITIONAL NOTE a The stereochemistry of this compound was incorrectly designated as R in the original publication.
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